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Centromeric chromatin: what makes it unique?

Steven Henikoff and Yamini Dalal

Centromeres represent the final frontier of eukaryotic
genomes. Although they are defining features of
chromosomes — the points at which spindle microtubules
attach — the fundamental features that distinguish them from
other parts of the chromosome remain mysterious. The
function of centromeres is conserved throughout eukaryotic
biology, but their DNA sequences are not. Rather,
accumulating evidence favors chromatin-based centromeric
identification. To understand how centromeric identity is
maintained, researchers have studied DNA-protein
interactions at native centromeres and ectopic
‘neocentromeres’. Other studies have taken a comparative
approach focusing on centromere-specific proteins, of which
mammalian CENP-A and CENP-C are the prototypes.
Elucidating the assembly and structure of chromatin at
centromeres remain key challenges.
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Introduction

Centromeres were described even before the rediscovery
of Mendel’s laws of inheritance. By the 1880s, cytologists
realized that chromosomes are characterized by a con-
striction that corresponds to the site of spindle attachment
during mitosis [1]. As the only part of the chromosome
that is directly involved in the process of mitosis, cen-
tromeres are fundamental to eukaryotic biology. Centro-
meric DNA attaches to spindle microtubules through a
proteinaceous structure referred to as the kinetochore [2].
The outer kinetochore assembles when chromosomes
condense and microtubules attach to it for mitosis, and
it disassembles after the chromosomes have segregated.
T'he inner kinetochore remains with the DNA throughout
the cell cycle and consists of centromeric chromatin and
associated ‘foundation’ proteins [3].

What has made centromeres so mysterious is the lack of
any conserved sequence across species [4] despite the fact
that all centromeres have an identical function — to
organize the kinetochore at mitosis. This is not to say
that centromeric DNA lacks any distinguishing features,
because most centromeres comprise long stretches of
short tandem repetitive ‘satellite’ DNA sequences that
are found only there and in surrounding pericentric
heterochromatin. The highly repetitive nature of centro-
meric satellites has made centromeres nearly intractable
to sequence analysis except in special cases.

A key insight into the basis for centromere identity came
from the discovery that a mammalian centromere-specific
protein, centromere protein A (CENP-A), is homologous
to histone H3 and is packaged into chromatin [5]. H3 is
one of the four histones that form an octamer that
packages the rest of the genome and that is assembled
into nucleosomes during replication. Finding that H3 is
replaced in centromeric chromatin by an H3-like variant
suggests that centromeric chromatin is unique because of
its histone complement and not because of its DNA
sequence. Support for this hypothesis comes from the
fact that CENP-A and its centromeric H3 (CenH3)
counterparts in other organisms are found at all centro-
meres and are essential for centromere formation,
whereas this is not the case for centromeric repeats [3].

There have been numerous reviews in recent years dis-
cussing diverse aspects of centromere structure, function
and evolution [2,4,6—11]. In this review, we emphasize the
progress that has been made in the understanding of
centromeric chromatin since the subject was last reviewed
in this series [9].

Centromere sequence organization
Centromeres in budding yeast are short and simple, and
consist of common sequence elements that span just
125 bp [12]. One of these elements, CDEIII, is the
binding site for the CDF3 multiprotein complex [13].
This complex is responsible for targeting the apparently
single Cse4p-containing nucleosome — Cse4p is the
yeast CenH3 [14]. Budding yeast centromeres, therefore,
are well defined by DNA sequence alone.

Fission yeast centromeres are defined in a very different
way than those of budding yeast. A central core of several
kilobases that is rather dissimilar between chromosomes
is surrounded by inverted ‘inner’ repeats, which are, in
turn, surrounded by ‘outer’ repeats [9]. Schizosaccharo-
myces pombe CENP-A is found throughout the central core
into the inner repeats surrounded by H3-containing
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regions. There appears to be a remarkable separation of
function for the central CENP-A-containing domain,
which is where the kinetochore is thought to form, and
the surrounding H3-containing domains, which are het-
erochromatic and are required for cohesion that is dis-
rupted when centromeres separate at anaphase [15]. This
model for centromeric chromatin organization appears to
be general. In multicellular eukaryotes, the units are
much larger and are apparently reiterated [16].

The small size and simplicity of budding yeast centro-
meres and the larger size and greater complexity of fission
yeast centromeres might suggest that they form an evolu-
tionary progression leading eventually to the megabase-
sized centromeres of multicellular eukaryotes. This does
not appear to be the case. A phylogenetic tree of life
reveals that mammals and plants are each closer to the
last common ancestor of cukaryotes, on the basis of
sequence divergence, than are either budding or fission
yeast (Figure 1a). In fact, these two groups of yeasts have
diverged nearly as much from one another as have
humans from Arabidopsis. The apparent simplicity of
budding yeast centromeres, therefore, could easily have
resulted from loss of a more complex centromeric organi-
zation, and it remains an open question as to what the
ancestral centromere looked like [17]. This does not mean
that budding yeast kinetochores are simple; rather, they
are composed of more than 60 different proteins belonging
to several distinct complexes that form a proteinaceous
structure bigger than the ribosome [18,19]. The fact that
only a minor fraction of these proteins appear to have
mammalian counterparts might reflect the recruitment of
new proteins down the budding yeast lineage.

Whereas fungal centromeres are diverse in structure, it is
remarkable that plants and animals have nearly identical
overall structures despite the fact that the divergence
between plants and animals preceded that between ani-
mals and fungi [20]. Specifically, human centromeric satel-
lites comprise several megabases of an AT-rich 171 bp
a-satellite repeat [21], and Arabidopsis centromeric satel-
lites comprise 3 Mb of a different A'T-rich 178 bp satellite
[22]. Despite these structural similarities, differences in
satellite sequences are the rule, even between closely
related species, indicating that centromeric satellites are
the most rapidly evolving regions of complex genomes [4].

Important progress has been made in sequencing and
assembling highly repetitive sequences, and we are wit-
nessing the inexorable drive to fill centromeric gaps
[23°,24°]. Because of this progress, human centromeres
are becoming useful model systems for understanding
centromere organization. The functional CENP-A-
containing region of a human centromere lies in almost
perfectly homogeneous higher-order repeats of the basic
171 bp a-satellite repeats, surrounded by increasingly
diverged a satellite, which becomes rich in long inter-

spersed element 1 (LINE-1) elements near the flanks
[25]. Although the 171 bp human repeat and the 178 bp
Arabidopsis repeat are unrelated in sequence, both are
peppered with an abundant retrotransposon near the
edges [26]. The overall organization of plant and animal
centromeres, therefore, appears to be very similar.

DNA-protein interactions

Although dozens of proteins localize to the kinetochore
[18,19], the large majority of these are seen only at
mitosis, and only two of these, CenH3 and centromere
protein C (CENP-C), are known to bind DNA and to be
widely distributed in evolution [8]. In every case that has
been examined, CENP-C localization depends on the
presence of CenH3 but not vice versa [27-31]. CenH3-
containing nucleosomes appear, therefore, to provide the
chromatin framework for centromeres, and much recent
attention has been focused on the properties and evolu-
tion of CenH3s.

CENP-A-containing nucleosomes were first described
many vyears ago [32] and have been successfully
assembled 7z vitro [33]. Recently, soluble CENP-A-H4
tetramer particles were found to have properties iz vitro
that are suggestive of a more compact and rigid structure
than that of H3-H4 tetramers [34°]. The region respon-
sible for this structural difference includes Loop 1 of the
histone fold domain (Figures 1b,c), which had previously
been shown to be both necessary and sufficient for
centromere localization of the Drosophila CenH3, CID
(centromere identifier) [35]. Further evidence that Loop
1, together with an adjacent region of the core, is involved
in DNA-binding specificity comes from the discovery that
these regions are adaptively evolving in Drosophila and
Arabidopsis [36,37].

Many CenHa3s, including mammalian CENP-A, are not
adaptively evolving; however, in all plant and animal
lineages examined, CENP-C is adaptively evolving over
extensive stretches of the protein [38°]. Adaptively evolv-
ing regions of CENP-C roughly correspond to sites of
DNA binding and centromere targeting. By contrast,
yeast Cse4p and CENP-C are under strict purifying
selection, which is consistent with the idea that complex
centromeres composed of rapidly evolving DNA interact
with adaptively evolving components, whereas those with
simple centromeres have evolutionarily fixed protein
components.

The central role that CENP-C appears to play in cen-
tromere specificity in humans might help account for the
surprising observation that budding yeast Cse4p not only
localizes to human centromeres but can also functionally
replace CENP-A [39°°]. Replacement was accomplished
by extinguishing CENP-A mRNA while Cse4p was being
produced, thus allowing Cse4p to fill in gaps created by
CENP-A loss, while retaining all other centromeric com-
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CenH3s align in the histone fold domain (HFD) but have dissimilar tails. (a) Evolutionary distances for selected key species based on a phylogenetic
tree of life [20]. (b) Alignment of CenH3s from selected species. The amino termini are not conserved in length or sequence in different lineages.
(c) Sequence LOGOS format shows variable conservation of the HFD.
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ponents. It appears that such promiscuous replacement is
lineage-specific because Drosophila bipectinata CID fails
even to localize to Drosophila melanogaster centromeres,
whereas chicken CENP-A is capable of localizing to
mouse centromeric satellite DNA [35,40]. This differ-
ence might be attributable to absence of CENP-C in
Drosophila species and the adaptive evolution of CID
[38°]. Taken together, these observations suggest that
whereas localization of centromeric components can dif-
fer between lineages the resulting chromatin structure is
likely to be universal.

Centromere evolution

Despite evidence for specificity between centromere-
binding proteins and centromeric DNA, no sequence
determinants have been identified for any complex
centromere. This conclusion comes primarily from the
existence of ~70 different human neocentromeres that
entirely lack a-satellite DNA, which is usually discovered
from karyotype analysis that follows a diagnosis of pos-
sible aneuploidy [7]. Rarely, neocentromeres are discov-
ered in otherwise karyotypically normal individuals, and
three such cases have been documented [41,42°,43°]. In
all three cases, the neocentromere was inherited from
parent to offspring and did not appear to be responsible
for any abnormalities. One case involves a shift in cen-
tromere position within chromosome 4 (Figure 2), in
which instance at least 1 Mb of a satellite was retained
at the native centromere [42°]. It is unknown whether the
native centromere has suffered an inactivating genetic
lesion or, alternatively, has been epigenetically silenced.

The existence of human neocentromeres provides the
most compelling evidence that a-satellite DNA is not
necessary for centromere function and that ordinary
regions of chromosomes are competent to acquire cen-
tromeric function [7]. In general, these regions are LINE-
rich and AT-rich and short interspersed element (SINE)-
poor and gene-poor. The documentation of gene activity
throughout one of these neocentromeres rules out a
requirement for constitutive heterochromatin at centro-
meres [44°°]. One possibility is that genes and centro-
meres can cohabit the same region of DNA because
transcription does not occur during mitosis, which is
the only time during which centromeres function [45°°].

Cytological evidence suggested that neocentromeres
occur at common positions [43°]. Surprisingly, even neo-
centromeres that arose in the same cytological band
occupy non-overlapping positions on a molecular scale
[46°°]. One might also expect that neocentromeres would
form preferentially at sites at which centromeres have
formed in primate ancestors. Indeed, a site of formation of
an Old World monkey centromere was deduced to coin-
cide with the cytological position of human neocentro-
meres on chromosome 3 [43°]. However, neither the
human neocentromeres nor the monkey centromere
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A case of human chromosome 4 repositioning. Pedigree showing
that a chromosome 4 neocentromere (on the yellow chromosome) is
inherited through at least two generations. The karyotype of the
grandfather (?) was not determined. Abbreviations: C, chromosome 4
centromere; N, Neocentromere. Red open circles indicate the
chromosomal location of the active centromere in each generation.
Black filled circles indicate alpha satellite sequences at the original
centromere. Based on [42°].

occupy overlapping molecular positions. These observa-
tions suggest that a very large portion of the human
genome is competent to form neocentromeres, but we
are limited in our ability to discover them because
centromere shifts are discovered fortuitously and other
neocentromeres usually result in severe ancuploidy.
Neocentromere formation might be much more frequent
than their rate of discovery because only cases of viable
aneuploidy would lead to their ready detection [7].
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A model in which centromeric function reinforces centromeric chromatin integrity [9,51]. (a) Mitotic spindles (green lines) just before anaphase.
Microtubules are bound exclusively to specialized centromeric chromatin, but not to H3 nucleosomes deposited within centromeric arrays during
replication. Open circles are H3-containing nucleosomes, red circles are centromeric nucleosomes. Cohesion is indicated by X between H3
nucleosomes. (b) At anaphase, spindle microtubules pull on centromeric chromatin. Centromeric nucleosomes are resistant to unraveling;

however, H3 nucleosomes unravel and are expelled from the array creating new gaps. (c) Gaps in the centromeric chromatin array are preferentially
filled post-mitosis by centromeric nucleosomes.
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If ordinary regions of the genome are competent to form
neocentromeres and do so frequently over evolutionary
time, why are all native centromeres composed of tan-
demly repeated satellite sequences? One possibility is that
neocentromeres represent only the earliest stage in cen-
tromere evolution, and expansion of satellite sequence
arrays occurs so rapidly that intermediates are never seen.
If so, then a broad survey of species might reveal incipient
centromeres that have only recently arisen. This evolu-
tionary scenario has been proposed for rice [45°°], whose 11
chromosomes contain a range of satellite arrays at their
functional centromeres that can be as small as ~50 kb. The
lack of extensive satellite arrays in the centromere of rice
chromosome 8 has enabled its essentially complete
sequence to be determined [45°%,47]. The kinetochore
region was localized to a 750 kb region by CenH3 binding
and shown to contain active genes just as was found for a
human neocentromere [44°°,45°°]. Furthermore, CenH3-
binding appeared to overlap that of H3, which suggests
cell-to-cell variability in the location of centromeric
nucleosomes within the functional centromere. This find-
ing supports a model of centromere plasticity inferred from
an observed correlation between the relative extent of
CenH3 and H3 nucleosomal arrays and the availability of
the two histones [16].

Assembly of centromeric chromatin and
kinetochore function

There seems to be little doubt that centromere identity
and the presence of CenH3-containing nucleosomes are
inseparable. It is still an open question, however, whether
or not there are undiscovered centromere determinants,
because overproduction of CENP-A in human cells
recruited CENP-C but did not lead to ectopic centromere
formation [30]. Furthermore, human artificial centromeres
have been produced using amplified a-satellite repeats
found at native centromeres but not from a-satellite
repeats found in surrounding regions [25]. Results
like this have discouraged attempts to create artificial
centromere-containing plasmids for stably maintaining
transgenes in plants and animals as was done long ago
in yeast [48].

We suspect that a solution to the problem of how to create
artificial centromeres might present itself if we only knew
how centromeric nucleosomes are assembled in the same
place during every cell cycle. Studies of tagged CenH3s
show that they can deposit at centromeres in a replication-
independent way [49,50], and that their overproduction
causes them to be deposited throughout euchromatin
[51,52]. We speculate that replication-independent
deposition of centromeric nucleosomes is normally occur-
ring both in centromeres and in euchromatin, but in
cuchromatin there is a normal replacement process that
appears continually to deposit nucleosomes containing
the histone H3.3 variant [51]. There might be, however,
no such turnover at centromeres so that centromeric

nucleosomes are deposited at gaps in CenH3-containing
arrays and are retained.

Replication-independent nucleosome assembly requires
the creation of gaps between nucleosomes, but it is not
clear how this occurs at centromeres. Gaps would occur
behind the replication fork as old nucleosomes distribute
between the two daughter strands if canonical nucleo-
somes are inhibited from assembling there [21]. Consistent
with this possibility, CENP-A deposits at G, in human
cells [50]. An intriguing additional possibility is that gaps
also occur at anaphase from nucleosomes that have unra-
veled because of the tension exerted by spindle micro-
tubules [9,51] (Figure 3). In this case, CenH3-containing
nucleosomes must be retained because they are attached
to the spindle microtubules and withstand the tension.
The nearby H3-containing nucleosomes, however, are not
attached so they are subject to unraveling and subsequent
replacement by their CenH3-containing counterparts.
Thus, a key feature of CenH3-containing nucleosomes
would be that despite their attachment to the spindle they
are so tightly bound to centromeric DNA that they can
remain in place when they are pulled upon, whereas their
H3-containing neighbors are unraveled. In this way, cen-
tromere function would reinforce centromere integrity,
and plasticity would result from replacement of H3 nucleo-
somes adjacent to CenH3 nucleosomes at each mitosis.

Conclusions

Despite considerable recent progress in defining centro-
meric components, we still lack a clear understanding of
how centromeres are distinguished from ordinary regions
of the genome that are not centromeres. Maintenance of
centromeric chromatin, which forms the foundation for
spindle attachment, is extraordinary insofar as centromeres
remain in the same cytological position over tens of
millions of years. Yet the occasional appearance of neo-
centromeres in numerous regions of ordinary sequence
composition and gene content indicates that centromeres
are not constrained by any recognizable sequence depen-
dence. With a better understanding of the process that
assembles centromeric chromatin during the cell cycle, we
might be able to solve this continuing puzzle.
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